Foliage and wood production in 17- and 32- year old Pinus banksiana Lamb. of Northwestern Ontario by Phillion, B. J. (Bernard J.)
Lakehead University
Knowledge Commons,http://knowledgecommons.lakeheadu.ca
Electronic Theses and Dissertations Retrospective theses
1980
Foliage and wood production in 17- and
32- year old Pinus banksiana Lamb. of
Northwestern Ontario
Phillion, B. J. (Bernard J.)
http://knowledgecommons.lakeheadu.ca/handle/2453/2389
Downloaded from Lakehead University, KnowledgeCommons
FOLIAGE AND WOOD PRODUCTION IN 17- AND 32-YEAR OLD 
Pinus banksiana Lamb. OF NORTHWESTERN ONTARIO 
BY 
BERNARD J. PHILLION 
A thesis submitted in partial fulfillment for the 
requirements of the degree of 
Master of Science in Forestry 
Lakehead University 
School of Forestry 
May, 1980 
Copy 1 
ProQuest Number: 10611643 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
ProOuest 
ProQuest 10611643 
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 - 1346 
J90 ' 
. / 
Copyright (c) 1980 Bernard J. Phillion 
c3i35G9^ 
1 ABSTRACT 
2 The objectives of this study were 1) to provide information on 
3 the above ground biomass production of young jack pine (Pinus banksiana 
4 Lamb.) stands, and 2) to evaluate the influence of crown foliagoi stand 
5 density, and age on the net current annual wood production of young jack 
6 pine trees and stands. 
7 Two naturally regenerated jack pine stands, 17^ and 32-yearS old, 
8 were selected for study near Thunder Bay, Ontario, in each stand, one 
9 sample plot was established at each of three density levels. Each sample 
10 plot consisted of 15 live jack pine trees. In all, 90 trees were 
11 felled in September 1978 and analyzed to determine the above ground 
12 distribution of biomass by foliage, cone, stem wood, stem bark, live 
13 branch wood, live branch bark, and dead branch (wood plus bark) components. 
14 Total current annual wood production was determined by adding the periodic 
15 annual increment of the stem for the last three years to the mean annual 
15 increment of the live branches. Stand density was determined by computing 
17 number of stems per hectare, relative spacing, and basal area. 
18 Stem wood, stem bark, fpliage and dead branch biomass increased with 
19 density in both stands. Live branch wood, live branch bark, aiid cone 
20 biomass were not affected by stand density and age. Total current 
21 annual Wood production was closely related to the foliage dry weight 
22 supported by individual trees; stand density and age seemed to have no 
23 influence on this relationship. Total current annual wood production 
24 per hectare was linearly related to foliage dry weight and stand density. 


























pine stands do not give any indication of being over-crowded. Results 
suggest that jack pine stands, grown for maximum fibre production, should 
be grown as dense as possible, at least within the range of densities 
sampled. 
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The productivity of trees growing in even-aged jack pine 
(Pinus banksiana Lamb.) stands depends to a great extent on the density 
of the stand (Hansen and Brown 1929, Hansen 1931, Gevorkiantz 1947, 
Wilson 1951, Cayford 1961, Vezina 1965, Bella 1967 and 1968). In the 
initial phase of stand development, jack pine seedlings develop in 
isolation from one another and increase in size rapidly. Their root 
system, crown foliage, and current annual wood production increase at a 
geometric rate (Armson 1974). After a few years, root competition occurs 
among trees, followed by closure of the crown canopy. At lower stand 
densities, crown closure occurs at a later age than at higher densities. 
With crown closure, crown foliage per unit area reaches a maximum. At 
the same time current annual wood production per unit area also reaches 
a maximum (Madgwick 1976). For some years thereafter, wood production is 
maintained at relatively high levels as tree height increases rapidly. 
Some foresters have referred to this phase as the "grand period of 
growth" (Baker 1950). During this phase the live crown on the trees moves 
up the stem as new foliage is produced in the upper parts of the crown and 
the lower branches die of suppression. Maximum crown size during this 
grand period of growth is greatly influenced by stand density. Near the 
end of this period, current annual wood production begins to decline 
rapidly as crown foliage guantities decline (Madgwick 1976). The 
theoretical stand rotation age is achieved shortly thereafter. For 
normally stocked jack pine stands, the theoretical rotation age is 28 
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Class III (Plonski 1974). After the c|rand period, heipht growth slows 
down quickly. Root mortality and crown debility are characteristic 
symptoms of this last phase which may persist for several decades 
(Armson 1974), Current annual wood production also declines rapidly 
during this period. 
There is one general theory, dealing with forest growth, which 
relates stand density to stand productivity. The theory was first 
put forward by Holier (1947 and 1954) and restated by Langsaeter 
(Braathe 1957 and Smith 1962) and Assmann (1962 and 1970). Holler 
theorized that gross forest production increases with increasing stand 
density until full site occupation is achieved. Increasing stand density 
beyond the point of full occupancy has no effect on production. 
Specifically, Holler proposed that gross production in forest stands is 
not affected by stand density as long as the remaining basal area is 
fifty per cent or more of the greatest possible basal area obtainable 
at that age (Figure 1). Holler (1947) also postulated that forest stands, 
of given species composition, maintain relatively constant amounts of 
foliage, regardless of density, as long as they fully occupy sites of similar 
quality. Hence the theory suggests that foliage quantities and gross 
forest production must be related. This theory was derived from 
thinning experiments with Fagus sylvatica L. and Picea abies (L.) 
Karst, in Denmark. 
Langsaeter (Braathe 1957 and Smith 1962) reworked Holler's hypothesis 
and summarized the theory of gross forest productivity in a diagram similar 
to the one reproduced in Figure 2. Langsaeter suggested that gross 
t 
3 
Fiqure 1. The relationship between basal area (per cent of 
possible maximum) and gross forest productivity 

















Figure 2. The relationship between stand density and gross 
forest productivity as proposed by Langsaeter 
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forest productivity can be divided into five categories based on stand 
density. The roman numerals in Figure 2 represent Langsaeter's "Density 
Types". In Density Type I» productivity is directly proportional to 
stand density because the trees are so far apart that they do not 
influence each other. Density Type II is characterized by a slight 
decrease in the rate of increase in production because the trees are 
beginning to crowd each other. In Density Type III, stand density has 
no influence on productivity. Under excessive competition, production 
is reduced in Density Types IV and V. 
Based on work with Picea abies (L.) Karst., Assmann (1962 and 
1970) restated the theory of gross forest productivity. He theorized 
that the greatest productivity is obtained in forest stands within a 
narrow range of stand densities and that productivity is smaller in 
stands having greater or lesser densities. Assmann used basal area 
expressed as a per cent of the basal area of fully stocked normal 
stands as his measure of stand density (Figure 3). Assmann stated 
that optimum production occurred in stands with "optimum basal areas" 
which were possible only within a narrow range of stand densities. 
The range of optimum basal areas would vary with species, site quality, 
and age. 
The general theory of forest productivity as postulated by holier, 
Langsaeter, and Assmann suggests that there is an optimum stand density 
or range of stand densities at which gross forest production is 
maximized. This basic premise has been widely accepted by foresters. 




























Basal area {% of possible maximum) 
Figure 3. The relationship between basal area (per cent of 
possible maximum) and gross forest productivity 
(per cent of maximum) as postulated by Assniann 
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mainly to the work of Ovington (1956 and 1957)* Ovington and Madgwick 
(1959) in England and the work of Satoo et al„ (1955 and 1956) in Japan. 
However, more recent work in North America by Baskerville (1965a) and 
Doucet et al. (1976) have reported results which do not conform to the 
general theory of forest productivity. Sample plots in these studies 
were located in a wide range of stand densities, including densities 
(by basal area) substantially higher than those considered silviculturally 
acceptable by Assmann (1970). Results of these studies suggest that 
forest production increases linearly with increasing density in stands of 
the same species and age on equivalent sites. 
Results of the study reported here also suggest that net wood 
production increases linearly with stand density in young jack pine 
stands of the same age on one site. The stands studied were 17- and 
32-years of age. The 17-year old stand was in the grand period of growth 
whereas the 32-year old stand was close to its theoretical rotation age. 
Sample plots were located at three different densities in each stand. 
The highest density plots in both stands were denser than those 
considered silviculturally acceptable (Plonski 1974) in northwestern 
Ontario. The data suggest that the optimum density in young jack pine 
stands, if it exists, would occur at a density higher than those 
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OBJECTIVES 
The objectives of this research were 1) to provide information 
on the above ground biomass production of young jack pine stands, and 
2) to evaluate the influence of crown foliage, stand density and 
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LITERATURE REVIEW 
Forest Biomass Studies 
In recent years, wood production in forest stands has received 
much attention in forest biomass studies. Biomass is the living weight 
per unit area, and in forest biomass studies entire trees are harvested 
and the dry weight per unit area of roots, branches, stems and foliage 
are determined. These biomass studies have been carried out for a 
variety of reasons, for example, in quantitative ecological studies 
(Ovington 1956 and 1957, Baskerville 1965a, 1965b, and 1966, 
Whittaker 1966, Bunce 1968, Madgwick 1968, Whittaker and Woodwell 1968, 
Hbner 1970, Zavitkovski and Stevens 1972, Ker 1974, Clark and Taras 
1976, Barney et al. 1978, Taras and Phillips 1978, and Zavitkovski and 
Dawson 1978a); in providing information on complete tree utilization 
(Young 1967, Keays 1968, Johnstone 1970, and Smith and Debell 1973); 
and in tree nutrition studies (Ovington and Madgwick 1959, 
Turton and Keay 1970, Smith et al. 1971, Morrison 1974, and 
Madgwick et al. 1977). The objectives of these biomass studies have 
often been comprehensive yet their results rarely provide specific 
information on the relations between wood production and foliage 
quantities. In other forest biomaSs studies, workers have shown that 
wood production was closely related to the amount of foliage supported 
by individual trees (Senda and Satoo 1956, Satoo et al. 1956, Satoo and 
Senda 1958, Satoo et al. 1959, Weetman and Harland 1964, StielT 1966, 
Satoo 1967, Satoo 1968, Satoo 1974a, Satoo 1974b, Satoo 1974c, Satoo 
1974d, Satoo et al. 1974, and Stiell and Berry 1977). Satoo et al. 
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also shown that wood production and foliage quantities per unit area 
were closely related in forest stands. 
Crown Foliage Estimation 
The quantity of living foliage supported by coniferous tree 
crowns has in the past been related to parameters of live crown 
dimension such as crown shape, crown length* and crown width (Buchanan 
1936* Loomis et al. 1966, Stiell 1962 and 1969, Stiell and Berry 
1977). Other workers related the quantity of live crown foliage to 
parameters of the stem such as diameter at breast height (Kittredge 
1944, Cable 1958, Ovington and Madgwick 1959, Stiell 1962 and 1969, 
Wile 1964, Baskerville 1965a, 1965b, and 1966, Loomis et al. 1966, 
Hegyi 1972, Ker 1974, Clark and Taras 1976, Doucet et al. 1976, 
Gary 1976, Stiell and Berry 1977, Barney et al. 1978 and Taras and 
Phillips 1978) and diameter at the base of the live crown (Storey 
et al. 1955, Loomis et al. 1966, and Stiell 196^). 
The first attempt to estimate the foliage of coniferous 
trees with live crown measurements was made by Buchanan in 1936. 
Buchanan correlated the number of needles on Piniis monticola 
Dougl. trees with maximum crown length and width. 
More recently, crown foliage has been estimated in terms 
of dry weight. This is a more desirable parameter since it eliminates 
the variation in moisture content in the needles (Holsoe 1948). 
Estimation of the foliage dry weight of coniferous trees was first 
performed by Kittredge (1944). Kittredge related foliage dry weight 
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jack pine. Since then Hegyi (1972) and Zavitkovski and Dawson (1978b) 
have successfully used Kittredge's method with jack pine. Doucet et al. 
(1976) related the foliage dry weight of jack pine crowns by combining 
diameter at breast height and tree height in one equation. 
The quantity of living foliage supported by the crowns of 
coniferous trees has also been determined by estimating and summing 
the foliage dry weight supported by individual live branches that 
compose the crown. The work of Loomis et al. (1966), Forrest and 
Ovington (1971), Laar (1973), Madgwick and Jackson (1974), and Gary 
(1976) showed that the diameter of a first order coniferous branch 
five centimetres from the bole correlated well with the foliage dry 
weight supported by the branch. Work at Lakehead University in 
Thunder Bay, Ontario by Munro (1977), Phil!ion (1977), and Schaerer 
(1978) also showed that the diameter of a first order coniferous 
branch at its "point of foliation" correlated well with the foliage 
dry weight supported by the branch. The "point of foliation" was 
defined as the point on any first order branch at which foliage is 
subtended by the branch or by branches of any subordinate order. 
In relatively small scale studies, it may be more practical to 
determine the foliage of entire crowns by estimating and summing the foliage 
supported by individual branches, than relating total crown foliage quantities 
to live crown and stem dimensions. The main reason is that the construction of 
prediction equations based on branch diameter and foliage dry weight 
can be carried out in one to two weeks. Prediction equations in- 


























many months and often years to construct (Stiell and Berry 1977). 
Tree Growth in Jack Pine 
Growth has been defined as an increase in height, diameter, 
basal area, volume, or value of individual trees or stands in 
relation to time (Society of American Foresters 1950). The complexity 
of tree growth has led to a variety of ways of measuring growth in 
jack pine trees and stands (Bickerstaff and Hostikka 1977). The 
traditional measure of growth in jack pine studies has been wood 
volume increment (Hansen and Brown 1929, Hansen 1931, Gevorkiantz 1947, 
Wilson 1951, Gayford 1961, Vezina 1965, Bella 1967 and 1968, Evert 1976, 
and Morrison et al. 1977a and 1977b). Armson (1974), and Shea and Armson 
(1972) have shown that current annual height increment can be used in 
the study of growth in jack pine trees and stands. Adams (1928) and 
Shea (1973) used annual ring width while Winston (1977) uSed diameter 
increment at breast height as measures of growth in jack pine trees. 
More recently, growth in jack pine stands has been evaluated by 
estimating wood dry weight increment (Hegyi 1972, Doucet et a). 
1976, Maclean and Wein 1976, and Zavitkovski and Dawson 1978b). Wood 
dry weight increment has been determined by multiplying wood volume 
increment by the specific gravity of the wood. Wood dry weight increment 
is a more desirable parameter than volume increment since it eliminates 
the variation in moisture content in the wood. 
Wood Production in Naturally Regenerated Jack Pine Stands 
Considerable work has already been carried out on the wood 
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densities (Hansen and Brown 1929, Hansen 1931, Gevorkiantz 1947, and 
Wilson 1951). One of the first such studies in Canada was a thinning 
experiment initiated in 1927, in eighteen-year old jack pine stands 
in Saskatchewan (Cayford 1961)* In 1959, when these stands were 
remeasured, the unthinned plots had greater net total wood volume per unit 
area than the thinned plots where density had been manipulated. 
However, the net merchantable wood volume (top diameter outside bark of 
7.6 cm) on the thinned plots was twice that in the control plots. 
Vezina (1965) studied the wood volume production of mature 
jack pine stands at various stand densities. He showed that the 
average height and net total wood volume of jack pine stands decreases 
with decreasing stand density. In another study, Hegyi (1972) 
documented the effect of increasing age on the total wood dry weight 
in jack pine stands of northern Ontario. He showed that the net total wood 
dry weight per unit area, in jack pine stands of normal stocking, 
increases with increasing age up to about sixty; after age sixty total 
wood dry weight per lihit area decreases. This is possibly related to the 
fact that the rate of mortality increases substantially in jack pine 
stands after age fifty (Yarrahton arid Varranton 1976) V 
Wood Production in Artificially Regenerated Jack Pine Stands 
Studies in artificially regenerated jack pine 
plantations have been carried out mainly in young stands. Much of this 
work has been documented in spacing trial studies by Rudolf (1951), 
Ralston (1953), Guilkey and Westing (1956), Buckman (1964), Maeglin 
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Fraricheschi (1974). Generally these studies show that as stand 
density decreases branch diameterj stem taper, and mean stand density 
increase while basal area^ total volume, merchantable volume and 
mortality per Unit area decrease. 
Wood Production and Grown Foliage Relationships in Jack Pine 
In an early study, Adams (1928) attempted to relate jack pine 
tree growth to crown foliage at four initial stand densities. The 
plantation for this study was established in 1919 at 2,4,6, and 8 feet 
(0.61, 1.22, 1.83, and 2.44 m) square spacings. At the end of the 
1926 growing season, Adams selected one tree of mean diameter and 
height from each density. Total dry weight of the foliage, branches, 
stem and roots were determined for each of the four selected trees. 
Results of this study show that the foliage, branches, stem, 
and roots of individual jack pine trees tncreaised in size with greater 
initial stand density, Adams also calculated the efficiency of the foliage 
by adding the total branch* stem and root dry weight of each tree and 
dividing by its foliage dry weight. He indicated that foliage efficiency 
is substantially greater in the closer spacings. However, because the 
foliage of jack pine crowns abscisses after two or three years 
(Harlow and Harrar 1969), Adams misused the term foliage efficiency. 
His ratio was computed from total branch, stem and root biomass ac- 
cumulated over a period of eight years, while his foliage measurements 
represent the foliage supported by trees in e single year. 
Stoeckeler and Olsen (1957) related the diameter growth 
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crown ratio. Live crown ratio is the per cent of the stem length 
which is "clothed with living branches" (Smith 1962). These workers 
showed that diameter at breast height growth rate (DG) in inches 
increased with live crown (LCR) in the following relationshipt 
DR = -0.203 +0.301 (LCR) - 0.002 (LCR)^. 
Another relationship between growth and crown foliage in 
jack pine has been reported in a biomass study by Doucet et al. (1976). 
The study included the measurement of net periodic annual wood 
Increment and foliage dry weight in 40-year old jack pine stands at 
various densities. Foliage dry weight measured in this study ranged 
from 3.45 to 7.79 t/ha and periodic annual wood Increment ranged 
from 1.48 to 2.77 t/ha. The results of this work showed that 
periodic annual wood increment per unit area was linearly related to 
the foliage dry weight supported by the trees in each jack pine stand. 
The study also showed that crown foliage dry weight in jack pine stands 
increased linearly With basal area and number of stems per unit area. 
A recent study, involving jack pine growth and foliage on a 
short-rotation Intensive culture system, has bden reported by 
Zavitkovski and Dawson (1978b). The objective of this study was tO 
identify a combination of densities and rotation lengths at which 
the mean annual biomass production of stem and brailch wood reaches 
its maximum^ oh a mini-rotation. Plantations for this study were 
established at 9, 12, and 24 Inches (22.9, 30.5, and 61.0 cm) square 
spacings and grown for seven years. Soil moisture was kept at field 



























fertilization also maintained a High level of soil nutrition. 
Foliage dry weight and mean annual biomass increments were measured 
at 4, 5, 6, and 7 years of age. The results of this study showed 
that foliage dry weight increased with age. At seven years of age, 
there Were 9.6, 11.3, and 11.4 t/ha of foliage at the respective 
9, 12, and 24 inches sqUare spacings.Gorresponding mean annual 
increments (total biomass) were 7.4, 8.5, and 7.7 t/ha in the 
seventh year. The results of this study are not conclusive because 
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METHODS 
The scarcity of young jack pine stands and the great diversity 
of site conditions on which they occur in northwestern Ontario, made 
the selection of jack pine study areas on one homogeneous site 
impossible. Consequently it was decided to carry out the work in 
outwash plains (Moore 1963) of lacustrine origin in the Boreal Forest 
Region B9, Superior Section (Rowe 1972), and to ensure that the study 
areas were Site Class I (Plonski 1974). 
Field Sampling 
Field sampling was carried out in September and October 1978. 
Two jack pine stands were selected for study: one 17 and one 32 years 
of age. These two stands were stratified into areas of high, medium 
and low stand density. One sample plot was located at random in each 
of these three density levels in both stands. In each sample plot, the 
15 live trees closest to the centre of the plot were selected for study. 
In all, 90 live jack pine trees were sampled. 
The above procedure has the limitation that the differences 
between plots cannot be analyzed statistically, since one plot offers 
no opportunity to determine error. To ensure statistical applicability 
would require more sample plots, which was beyond the scope of this 
study. 
Before harvest* the live crown of each tree was 
classified dominant, co-dominant, intermediate or 
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constructed of each sample plot to show the location and horizontal 
crown projection of each tree. For all sample trees, the distance 
to the nearest five competing trees was measured to Onable the calculation 
of mean inter-tree distance. Mean inter-tree distance was computed with 
Hiley's (1967) formula for Irregularly spaced trees as follows: 
Mean Inter- 
Tree Distance 
iDistances to 4 nearest trees EDIStances to 5 nearest trees 
- - 4 . 5   
2 
At harvest, the trees were sampled as close to the ground 
as possible. Total height and diameter at breast height were recorded 
for each tree. All cones were removed from each tree. All first-order 
live branches on each tree were measured for diameter at the point of 
foliation and at five centimetres from the bole. Branch diameter at point 
of foliation was used as an independent variable to estimate the 
foliage dry weight supported by a branch. Branch diameter at five , 
centimetres from the bole was used as an independent variable to 
estimate the wood and bark dry weight supported by a branch. All first- 
order dead branches on each tree were measured for diameter at five centimetres 
from the bole to provide a measure of the amount of wood and bark dry weight 
supported in these branches. Finally, the bole of each tree was 
sectioned into one metre lengths and two centimetre thick disc 
samples were taken for stem analysis and specific gravity determination. 
Fresh weight of tree components were not measured at the time of 
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drawn. The depth of each soil horizon was measured as well as the 
total rooting depths Bulk density, stone Content, and moisture 
tension soil samples were taken in the centre of each major horizon. 
Sampling for the construction of branch foliage, branch bark, 
and branch wood prediction equations was carried out on two trees 
selected at random in each plot (total of 12 trees). From these 12 
trees, 300 live branches and 300 dead branches were chosen at random and 
transported to the laboratory. 
La bo ra tory Samp1ing 
One hundred live branches, from each of the two stands, were 
randomly selected from the 300 branch sample. The 1976, 1977, and 1978 
annual elongations of the main axis of these branches were measured. 
Analysis of variance showed that the mean elongation of the branches 
in 1976, 1977, and 1978 were not statistically different within each 
stand. It could therefore be assumed that the crown foliage, of sample 
trees and of the stands that they represent, had not changed 
significantly during the last three years (Barker 1978). 
A random sub-sample of 80 live branches was selected from the 
300 branch sample. Each branch was measured for diameter at its point 
of foliation and at five centimetres from its severed end. The foliage was 
removed from the branches, oven dried at 105®C for 24 hours, and weighed. 
The bark was removed from the branches by scraping. The separated wood 
and bark were oven dried at 105“C for 48 hours, and weighed. All 
300 dead branches were measured for diameter at five centimetres from 



























(wood plus bark), 
A source of error that may have affected the estimation 
of branch foliage, wood, and bark dry weight from branch diameter is the 
pooling of branch data from all three densities of both.stands., However 
Loomis et al. (1966) showed that stand density had no effect on the 
foliage and wood dry weight supported by branches of Pinus echinata 
Mill. For this reason and because it took an average of four hours to 
sample each jack pine branch, a pooled sample of 80 branches was 
deemed adequate. 
Sample discs were placed in a refrigerated environment 
(2**C) and measured as soon as possible after sectioning. For each 
sample disc, current diameter inside and outside bark, and diameter 
inside bark at three-year periods were measured on a mean 
disc diameter. Mean disc diameter was calculated by averaging the 
minimum and maximum disc diameters. 
Stem wood specific gravity was determined on each tree at 
three locations: 1) in the live crown, 2) at the base of the live 
crown, and 3) in the crown-free bole. Two wood samples were taken 
from sample discs at each location in the bole. The specific gravity 
calculations were based on green volume and oveh^dry weight of the 
wood (U. S. Forest Products Laboratory 1974). Green volume was 
obtained by the water weight displacement technique (Wakefield 1957) 
after soaking wood samples in water for 24 hours. Oven-dry weight 
Of the wood samples was measured after drying at lOS^’C for 48 hours. 



























The area of each plot was estioiated from plot maps with a 
polar pi animeter. 
Data Analysis 
Regression equations relating branch diameters (at point of 
foliation and at five centimetres from the bole) with foliage, wood, and 
bark dry weight were computed by the conventional least squares method. 
Coefficients of determination, standard errors, and analysis of residuals 
were used to interpret goodness of fit. For branch components in this 
study, the following allometric model provided the best fit: 
(1) Y = bX® 
where X represents the independent variable of branch diameter, Y represents 
the dependent variable of branch weight component, and, a and b are 
regression constants. The allometric model was fitted by logarithmic 
transformation {Zar 1968) and the retransformed values were corrected for 
bias by the method outlined by Baskerville (1972). The resulting 
equations were used to estimate the foliage^ wood, and bark dry weight 
of every branch. By summing these values for all branches on a tree, 
the total dry weight of each component was estimated for each tree. 
Total stem wood Volume and three-year periodic annual stem 
wood volume increments were calculated from disc diameter measurements 
for each one metre section by Smalian's formula (Avery 1967). The dry 
weight of each one metre stem section was estimated by multiplying 
stem section volume by its respective specific gravity. Total stem 
wood dry weight for each tree was obtained by summing the dry weights of 



























a similar manner. 
Current annual stem Wood production was estimated by the three- 
year periodic mean annual oven dry weight increment of the stem 
(produced 1976 to 1978). Annual branch wo6d production was estimated 
by calculating the mean annual wood dry weight increment of each live 
branch (wood dry weight of branch divided by age of branch) and 
summing these for each tree. This is only an approximatioh of the 
current annual branch wood increment and should produce a slight but 
systematic underestimation (Baskerville 1965a). Total current annual 
wood production was computed for each tree by adding current annual 
stem wood production and annual branch wOod production. 
Total above ground foliage, stem wood, stem bark, live 
branch wood, live branch bark, dead branch (wood plus bark), and 
cone dry weight as well as current annual stem wood productibri, annual 
branch wood production, and total current annual wood production in 
each plot were obtained by summing the values of these components for 
the 15 trees. Using the area of each plot, the total above ground dry 
weights of these components were converted to per hectare values. 
Crown efficiencies (net assimilation rates) for dominant, 
co-dominant, intermediate, and suppressed trees were evaluated as relation- 
ships between total current annual wood production and foliage dry 
weight per tree. Crown efficiencies per hectare were calculated as the 
ratio of total current annual wood production and foliage dry weight per 
hectare. 
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1 STUDY AREAS 
2 
3 Location 
4 Study areas were located in northwestern Ontario at ap- 
5 proximately latitude 48^34' N and longitude 89®43‘ W. Figure 4 
6 shows their accurate location. 
7 The 17-year old jack pine stand was located in Goldie 
8 Township, Universal Transverse Mercator grid reference 15 1027 17687. 
9 This stand was established by natural seeding after the previous jack 
10 pine stand was logged by the Great Lakes Paper Company of Thunder Bay 
11 in 1960-61. 
12 The 32-year old jack pine stand was located in Paipoonge 
13 Township, Universal Transverse Mercator grid reference 15 1099 17588. 
14 The site occupied by this stand supported a mature jack pine forest which 
15 was destroyed by wildfire in 1946. After the fire, most of the area 
16 regenerated to jack pine which makes up the present forest and 
17 study area. 
18 Climate 
19 The climate of the area has been classified by Chapman and 
20 Thomas (1968) as "modified continental", the modification being made 
^1 by the presence of Lake Superior to the south-east. Climatic data. 
22 obtained from the Atmospheric Environmental Services Branch of the 
23 Canada Department of Environment shows that the region receives an 
24 average annual precipitation of 73.84 cm (average rainfall of 55.8 cm plus 
25 an average snowfall of 222.0 cm). The area is also characterized by 
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short, warm surraners (mean daily temperature in July is 25.6*0) and 
long, cold winters (mean daily temperature in January is ^10.0''C). 
Soil Profiles 
Figure 5 illustrates a typical profile of the soil in the 
17-year old jack pine stand of Goldie Township. According to 
Burwasser (1977), this area is a lacustrine deposit of thin surficial 
clay which is underlain by deep sandy gravel. 
Figure 6 indicates a typical profile of the soil in the 
32-year old jack pine stand of Paipoonge Township. The site is a 
lacustrine deltaic sand which is underlain by deep sand and gravel 
(Burwasser 1977). The soils of both areas are podzolic and 
characterized by a thin humus layer. 
A comparison of Figures 5 and 6 indicates major differences 
between the soil profile of these two stands. The soil profile for 
the 17-year old stand shows an irregularly occuring clay-silt deposit 
near the soil surface. Another feature of this soil is the irregular 
occurance of an iron cementation layer at approximately 80 cm depth. 
These two layers are absent from the soil profile supporting the 
32-year old stand. 
Soi1-Wa ter Relations 
Soil^water relations in the two study areas were analyzed by 
the Thornthwaite climatic water balance. This water balance, 
developed in 1944, provides a procedure by which soil moisture can be 
evaluated over a period of time (Thornthwaite and Mather 1957). This 










L 4-5 cm - tv/ig - and nee41e humus 
F 1-2 cm - partial1y decomposed humus 
•0t 0-25 cm - reddish clay-silt deposit 
- 13011: density=l,06 




•Be 0* .o cm - iron cemented layer 
bulk density=1•50 
fev/ roots 
C to depth - niG,dium sand and gravel 
bulk density=l.45 
Fi,;^ure 5. Typical profile of the soil under the 17-year 
jack pine stand in Goldie Township. 
cm 
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5-S cm twig and needle humus 
4-^5. cm - humus accumulation 
45-50-era - fine reddish hrown sand 
- bulk density=1.45 ' 
- abundant roots 
to depth - medium to .coarse 
ye11owish brown sand 
- bulk d^ensity=l,50 
- some' fine roots 
- some gravel at depth 
Figure 6. ' Typical profile of the soil under the 52-year old 
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potential evapotranspiration values. The method assumes that the rate 
of potential evapotranspiration is related to the amount of water held 
in the soil. By including information on the moisture retention capacity 
of the soil and the latitude of the study area, the technique 
theoretically accounts for all additions and withdrawals of moisture from 
the soil, soil water surpluses or deficits can therefore be evaluated. 
Day and Bax (1976) have shown that this technique was Useful in 
estimating the soil moisture relations of soils supporting jack pine 
forests. 
In this study, the Thornthwaite monthly water balance was used 
to compare the soil water relations for 17 and 32 consecutive years in 
the respective study areas. A fortran computer program was written 
(Appendix A) to evaluate the monthly water balances. Because of their 
length, the results of the water balance evaluations for each month of 
each year are not presented. Instead an average monthly water balance 
is outlined for each study area in Appendix B. Appendix C summarizes 
the water balance results for both study areas. 
Results of the water balance evaluations show that both study 
areas were highly susceptible to soil moisture deficits in the months 
of July and August. However, the soil moisture deficits in the 17- 
year old stand have been much more severe than in the 32-year old stand. 
The greatest soil moisture deficiencies encountered ranged up to 61.0 mm 
in the 17-year old stand and up to 40.5 mm in the 32-year old stand. 
Since the soil moisture retention capacity of the 17-year old stand was 
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by 47.2%. Soil moisture content reductions up to 47.2% would likely 
have had a negative effect on the growth of jack pine trees on this 
site. For the 32-year old stand, with a soil moisture retention 
capacity of 393.9 mm, a water deficit of 40.5 mm would have reduced 
the soil moisture content by a mere 10.3%. Reductions in soil moisture 
content up to 10.3% would likely have had little influence on the growth 
of jack pine trees on this site. 
Stand Characteristics 
Figures 7 and 8 are horizontal crown projection maps which 
illustrate the distribution of trees within each plot. These figures do 
not show the true location of each plot in relation to one another; they 
show the plots side by side to make comparison convenient, the figures 
illustrate the relative size and horizontal projection of the jack pine 
tree crowns at the various stand densities. Horizontal projections of 
the crowns were generally greater at the lower stand densities. 
The number of trees by crown classes in the sample plots was 
as follows: 
The number of dominant, co-dominant, intermediate, and 
suppressed trees in each of the sample plots. 
Density Number of trees per plot   
Class Dominant Co-dominant Intermediate Suppressed 
High 1 10 
Mediurn 4 8 
Low 8 3 
High 5 3 
Medium 4 4 
Low 7 6 










Figure 7. Location of the jack pine trees and their horizontal crown projection 
in the high (A), medium (B), and low (C) density sample plots of the 
17-year old stand. 
Figure 8. Location of the jack pine trees and their horizontal crown projection 
in the high (A), medium (B), and low (C) density sample plots of the 
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per unit area, relative spacing, and basal area (Table 2). In the 
17-year old stand, there were 9091, 4587, and 1728 stems per hectare 
in the respective high, medium and low stand density plots. In the 
32-year old stand, there were 7042, 4658, and 1131 stems per hectare in 
the respective high, medium, and low stand density plots. Relative spacing 
was calculated as the ratio, in per cent, of the mean distance between trees 
to stand height (Vezina 1963). It was 12.9, 19.3, and 30.3% in the 17-year 
old stand and 9.3, 11.2, and 22.3% in the 32-year old stand at respective 
high, medium, and low stand density classes. 
Total basal area per hectare decreased with decreasing stand 
density and was generally greater in the older stand; From high to 
2 
low density, it was 34.3, 22.4, and 14.4 m /ha in the 17-year old stand, 
and 57.8, 48.6, and 20.8 m^/ha in the 32-year old stand (Table 2). 
A comparison of these basal area values to those of normally stocked jack 
pine stands (Plonski 1974) indicated that the stocking of the high, 
medium, and low density plots was 184, 120, and 77?/, in the 17-year old 
stand and 226, 190, and 81% in the 32-year old standi Periodic annual 
basal area increments were similar in both stands (Figure 9A). They 
had culminated in all six plots, however, culmination occurred much 
earlier in the 17-year old stand (8-10 years) than in the 32-year old 
stand (17 years). Periodic annual basal area increment had declined 
2 
in recent years, averaging between 0.5 and 1.5 m /ha/yr 
in both stands for the last three years. Mean annual basal area 
increment had recently maximized only in the 32-year old stand. 
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Figure 9. Periodic annual basal area (A) and stem wood volume increment (B) 
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by stand age and stand density. Mean diameter at breast height in- 
creased with decreasing stand density and was always greater in the 
32-year did stand. Figure TO illustrates the diameter class distribution 
of jack pine trees in the 17- and 32-year old stands. It shows that the 
range of diameters increased With decreasing density and with increasing 
stand age. 
Stand height was estimated for each plot as the average 
height of the dominant and co-dominant trees. Stand height was not 
influenced by density in the 17-year old stand; it was slightly greater 
than 8 m in the three plots. In the 32-year old stand, average height 
was slightly higher than 15 m in the high and medium density plots. 
However, at low density the total height was significantly lower: 
13.67 m. 
The pattern of total stem wood volume in the six plots 
had much the same relation to stand density and age as basal area. 
Total stem wood volume was greatest in the high density plots and was 
generally greater in the 32-year old stand (Table 2). It was 136.4, 
84.8, and 53.7 m^/ha in the 17-year old stand and 391.9, 303.2, and 
117.6 m /ha in the 32-year old stand for the respective high, medium, 
and low density plots!. Periodic annual stem wood volume increments 
had culminated in all plots in the 32-year old stand at approximately 
23 years of age (Figure 9B) and had been declining in recent years. 
The periodic annual stem wood volume increment in the 17-year old stand 
had recently culminated only in the high density plot. It had also 
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3 periodic annual stem wood volume increment (21*0 m /ha/yr) in the 32 
year old stand. Mean annual stem wood volume increment had not 
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RESULTS 
Branch Weiciht Relationships to Branch Diameter 
Plotted data (Figure 11) revealed no differences in the foliage 
dry weight and branch diameter at the point of foliation relationship 
between the 17- and 32-year old stands. The data were therefore pooled 
for regression analysis. The best fit to the foliage dry weight and 
branch diameter at the point of foliation data was obtained with the 
allometric model (Table 3, Equation 1). 
Wood (Figure 12) and bark (Figure 13) dry weight of jack pine 
sample branches Were closely related to the diameter of the branches at 
five centimetres from their severed ends. Plotted data (Figures 12 
and 13) showed no significant differences between the two stands studied. 
Thus, it was possible to pool these data for regression analysis. The 
best fitting relationships to the branch wood and bark dry weight over 
branch diameter data were also allometric models (Table 3, Equ4tidns 2 
and 3). 
The dry weight (wood plus bark) of dead sample branches was also 
closely related to the diameter of the branches at five centimetres 
from their severed ends (Table 3, Equation 4). 
Stem Wood and Bark Specific Gravity 
Stem wood and bark specific gravity results (Table 4) showed minor 
differences between the three sampling locations in the stem and also 
between the two stands studied. The differences were as follows: 
1) stem wood specific gravity values were generally slightly higher than 
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Figure 11. Relationship between branch diameter at point of foliation and 
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branches from 17-year old trees 4- 
branches from 32-year old trees . 
Mqure 12. Relationship between branch diameter 5 cm from the bole and the 
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Figure 13. Relationship between branch diameter 5 cm from the bole and the 
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tended to be higher in the older stand, alnd 3) stem wood and bark 
specifie gravity decreased slightly with increasing height in the trees. 
Because these differences were minor, no significant differences were 
detected between the three sampling locations in the stem and between 
the two stands. Stand density had no effect on wood or bark specific 
gravity. 
Mean wood specific gravity, in Table 4, ranged from 0.31 to 0.35 
in the 17-year old stand and from 0.34 to 0.38 in the 32-year old stand. 
Mean bark specific gravity ranged from 0.24 to 0.34 in the 17-year old 
stand and from 0.28 to 0.38 in the 32-year old stand. 
Stand Biomass per Unit Area 
Stand biomass data (Table 5) show a generally increasing total 
biomass with increasing stand density in both stands studied. Total 
above ground biomass was linearly related to stand basal area (Figure 
14A); it increased from 35.6 to 51.1 and to 75,0 t/ha from the low, 
medium to high density classes in the 17-year old stand. Total above 
ground biomass was considerably higher in the 32-year old stand except 
at the wide spacing (Figures 15A and 15B); it was 67.8, 154.8, and 
186.7 t/ha in the low, medium, and high density classes. 
Stem wood biomass increased with increasing stand density in both 
stands and it was generalTy higher in the older stand. Stem bark 
biomass followed the same trend. Live branch wood and bark did not 
differ significantly between stands and between density classes. 
Dead branch wood plus bark was generally higher in the 32-year old 
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Basal area (m /ha) 
Figure 14. Relationship between total biomass (A) and foliage dry weight (B) 
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17-year old stand 3??-year old stand 
Number of stems per hectare (thousands) 
Figure 15. Distribution of above ground biomass by stem (wood and bark), 
branch (wood and bark), foliage, and cone component in the 
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in the 32-year old stand (Figure 15B) than in the 17-year old stand 
(Figure 15A). Cone dry matter was similar at all stand densities of 
both stands. Foliage biomass increased with stand density and was 
linearly related to stand basal area (Figure 14B). It was 5,1, 6,3, 
and 7,4 t/ha in the low, medium, and high density classes of the 
17-year old stand. Foliage biomass was 4*8, 7.8, and 8.6 t/ha in the 
low, medium, and high density classes of the 32-year old stand. 
The actual biomass of all jack pine tree components generally 
increased with stand density (Figures 15A and 15B), The pattern for 
the proportion that each component comprised was somewhat different 
(Figures 15C and 15D), While the per cent stem (wood plus bark) 
component increased with stand density, the per cent branch (wood plus 
bark) and foliage components tended to decrease with stand density in 
both stands. The per cent biomass also differed between both stands. 
The 32-year old stand contained a greater proportion (approximately 
77%) of stem biomass than the 17-year old stand (approximately 63%). 
However, the per cent branch and foliage biomass was relatively 
higher in the 17-year old stand. Branch and foliage biomass comprised 
approximately 24% and 12% respectively of total stand biomass in 
the 17-year old stand, and 17% and 5% in the 32-year old stand. 
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Foliage and Wood Productiorl in individual Trees 
A close linear relationship was found between annual branch wood 
production and the estimated foliage dry weight of individual trees in 
both stands studied (Figure 16A).: For this relationship, differences 
between tiae 17- and 32-year old stands were not significant. Data were 
therefore pooled to calculate one equation relating annual branch wood 
increment (BI) to the estimated foliage dry weight (F) of sample trees. 
The equation, 
(2) BI = 0.139 F - 0.0355, 
had a coefficient of determination of 0.902 and a standard error of the 
estimate of 0.09148. 
Current annual stem wood production (SI) was also related to the 
amount of foliage supported by individual trees in both stands (Figure 16B). 
For this relationship, no significant differences were detected between 
the 17- and 32-year old stands. Data were therefore pooled to compute 
the best fitting regression equation: 
(3) SI = 0.00726 +0.543 F - 0.0201 F^. 
The coefficient of determination for this equation was 0.894 and the 
standard error of the estimate was 0.2568. A test of curvilinearity 
(Steel and Torrie 1960) showed that this quadratic equation was a 
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Figure 16. Relationship between annual branch wood production (A) and 
current annual stem wood production (B), and the estimated 


























When annual branch wood production was added to current annual 
stein wood productlon for each individual tree^ relations with fol iage 
dry weight (Figure 17) were closer than for stem or branch wood alone. 
For this relationship, there were no significant differences between 
the 17- and 32-year old stands and the data were pooled for regression 
analysis. The best fit to the total current annual wood production 
(Tl) and foliage dry weight data Was a quadratic equation: 
(4) TI = -0.00427 + 0.661 F - 0.0177 F^. 
A test of curvilinearity showed that this quadratic equation was a 
significantly better fit than a linear equation fitted to the data. 
Regression analysis showed that stand age, relative spacing in the 
stand, and mean inter-tree distance did not correlate well with total 
current annual wood production of individual trees. Stepwise multiple 
regression analysis also showed that these parameters were statistically 
non-significant when crown foliage dry weight was included. Crown 
foliage dry weight, in equation 4 above, accounted for 94,8 per cent 
(R ) of the variation in the total current annual wood production. The 
standard error of the estimate for this relationship was 0,2384, 
Figure 18 illustrates that the relationship between total current 
annual wood production and crown foliage of individual trees was 
similar in the three density classes and in both stands. This figure 
also indicates that dominant jack pine trees supported the greatest 























Fiqure 17. Relationship between total current annual wood production 
(branch + stem) and the estimated foliage dry weight of jack 
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Figure 18. Relationship between total current annual wood production 
and the estimated foliage dry weight of sample tree crowns 
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densities. Suppressed trees in both stands supported the least amount 
of foliage and produced negligible amounts of wood at all stand 
densities. 
The trend in the plotted data of Figure 17 suggested that the rate 
of total current annual wood production, per unit increase in foliage 
dry weight, decreased slightly. Indeed the test of curvilinearity 
indicated that this was the case. It appeared that increases in the 
foliage dry Weight of jack pine trees resulted in a decreased rate of 
total current annual wood production. This decreasing rate of wood 
production with increasing crown size was related to differences in 
the efficiency of trees in the various crown classes. Linear 
regression equations were computed for the total current annual wood 
production over foliage dry weight of dominant, co-dominant, intermediate, 
and suppressed trees in the two stands (Figure 19). The slope of these 
linear equations was used to compare the average crown efficiency of 
trees in the various crown cl asses. This analysis suggested that 
co-dominant trees were the most efficient, followed by intermediate, 
dominant, and suppressed trees. However homogeneity of regression 
tests (Steel and Torrie I960) detected significant differences in 
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y-: 
Co-dominant o 
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Figure 19. Relationship between total current annual wood production (TI) 
and the estimated foliage dry weight (F) of sample tree crowns 


























Foliage and Wood Production in Stands 
Annual branch wood production per hectare did not vary with foliage 
dry weight per hectare (Figure 20) and stand density. It was slightly 
higher in the 17-year old stand. Current annual stetn wood production 
per hectare increased with foliage weight per hectare in both stands 
studied and was considerably greater than branch wood production. 
Consequently total current annual wood production (stem plus branch) 
per hectare increased with foliage dry weight in both stands. 
Total current annual wood production and total foliage dry weight 
per hectare in both stands increased in relation to increasing stand 
densitye measured either as number of stems per hectare, relative 
spacing^ or basal area (Figures 21, 22, and 23). With increasing 
number of stems per hectare, the rate of increase in wood production 
was similar to the corresponding rate of increase in foliage dry weight 
per hectare. Although this trend was evident in both stands, the rate 
of increase in foliage dry weight and corresponding wood production 
was greater in the 32-year did stand (Figure 21). When relative spacing 
was used as a measure of stand density, the results were similar 
(Figure 22). However, when basal area was used as a measure of density, 
results were again similar except that the increase in foliage dry 
weight and wood production were the same in both stands (Figure 23). 
The above results suggested that the efficiencies of the crown 
foliage per unit area were similar at all stand densities. Crown 
efficiency per unit area was computed as the ratio of total current 
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Figure 20, Relationship between current annual wood production (stem, branch, 


























Fiqure 21. Relationships between total current annual wood production, crown 

































Fiqure 2?. Relationships between total current annual wood production, 



































17-year old stand 
Figure 23. Relationships between total current annual wood production, crown 
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Average crown efficiency in the high, medium, and low densities was 
0.69, 0.56, and 0.56 in the 17-year old stand, and 0.74, 0.60, and 
0.55 in the 32-year old stand. Mean crown efficiency was 0.60 in 
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DISCUSSION ; 
Branch Weight R6latiOilsh1ps t6 Branch Diameter 
The measurement of branch diameter was a useful technique for 
estimating the foliage* wood* and bark dry weight supported by 
individual jack pine branches. Higher coefficients of determination 
were recorded for the relationships predicting wood and bark dry 
weight (Table 3, Equations 2*3, and 4) than for foliage dry weight 
(Table 3* Equation 1). The reason for this is that the quantity of 
foliage supported by a branch at any time can be affected by shading, 
branch age* and relative height in the crown. This explanation agrees 
with the previous work of Forrest and Gvington (1971) and Madgwick 
and Jackson (1974) with Pinus radiata D. Don. 
Stem Wood and Bark Specific Gravity 
In this study* stem wood and bark specific gravity were not 
affected by stand density. Stem wood and bark specific gravity were 
affected by relative height in the tree but the differences were hot 
significant. Thus, stem wood and bark dry weight were primarily a 
function of volume and hot a function of major differences in specific 
gravity. 
The specific gravity results in this work were similar to those 
obtained by Maeglin (1967) for 15-year old jack pine plantations* at 
various stand spacings* in Wisconsin. 
Stand Biomass per Unit Area 
Total biomass was higher in the 32-year old stand than in the 


























was also a great variation In total biomass. This variation was related 
to stand basal area: total biomass increased linearly with ihctreasihg 
basal area per hectare (Figure 14A). Hegyi (1972) demonstrated that 
a substantial amount of variation in the biomass of jack pine stands 
could be explained in terms of stocking intensity oir basal area. 
Following Hegyi's example, the actual total biomass of each stand was 
adjusted to the biomass of a normal stand. Total biomass for the 
17- and 32-year old stands were adjusted to the biomass of a normal 
stand (Plonski 1974) using the linear relationships in Figure 14A* 
Normal basal area for the 17-year old stand was interpolated because 
Plonski*s Normal Yield Tables begin at 20 years of age. Total biomass 
in the 17-year old stand was 75.0, 51.0, and 35,6 t/ha in the high, 
medium, and low density classes; when adjusted to normal stocking, it 
was 43.8 t/ha. Total biomass in the 32-year old stand was 186.7, 
154,8, and 67.8 t/ha in the high, medium, and low density classes; 
when adjusted to normal stocking, it was 82.1 t/ha. Comparison of 
adjusted total biomass values indicates that the normalized 32-year 
old stand supported approximately twice as much total stand biomass 
as the normalized 17-year old stand, 
A comparison of the actual total biomass of stands in this 
study to the previously published actual total biomass data of Hegyi (1972), 
Doucet et al. (1976), and Maclean and Wein (1976) was impractical. 
The work of these previous investigators was carried out in a range of 
jack pine stands varying in age, site class, and stand density. When 
plotted over age, actual total biomass data from this and previous 
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1 studies could not be compared, because of the great variation in the 
2 data (Figure 24A). Data presented in these previous studies were 
3 .. therefore adjusted to normal stocking (Table 6) by the method described 
^ by Hegyi (1972). The method involved calculating the stocking ratio 
5 of each stand by dividing the basal area of a normal stand (Plonski 
6 , 1974) by the actual basal area per hectare of the stand. The actual 
7 total stand biomass was then multiplied by the respective stocking 
8 ratio to give adjusted or normal total biomass for each stand. The 
9 adjusted total biomass values from these previous studies were plotted 
10 over stand age with the results from this study. 
11 The resulting scatter diagram (Figure 24B) illustrated the general 
12 pattern of total biomass accumulation for jack pine stands of three 
13 Site Classes (Plonski 1974) and also indicated the relative productivity 
14 of the stands in this study to the productivity of other jack pine 
15 stands. Both jack pine stands of this study, although classified as 
16 Site Class I according to Plonski (1974), supported slightly less 
17 total normal stand biomass than the Site Class I jack pine stands 
1® of Doucet et al. (1976) in Quebec and Hegyi (1972) in 
19 " northern Ontario. The fact that the two stands studied had above 
20 normal heights, suggests that the slight reduction in normal total 
21 stand biomass, as compared to other normal Site Class I jack pine 
22 stands, was related to differences in stem form or in branching 
23 characteristics. 
24 Jack pine trees from northwestern Ontario are known to have 
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Site Class* I • 
Site Class II ♦ 
Site Class III ^ 
Present study data ♦ 
JL  I I I I ■ » * ^ 
20 40 60 80 100 
Age (years) 
Figure 24. Estimated above ground (A) and adjusted above ground (B) 
biomass over age for 40 naturally regenerated jack pine 
stands. 
*Site Classes after Plonski (1974) 
Table 6. Above ground biomass of 40 jack pine stands 
normal stocking data are presented. 



























































































































































































able 6 (cont'd). Above ground biomass of 40 jack pine stands 
normal stocking data are presented. 

























































































































► Plonski (1974) 
^* Ratio of normal to actual basal area 
^** Actual dry matter X stocking ratio 
i Data from present study 
> Calculated from data presented by Doucet et al. (1976) 
: Data presented by Hegyi (1972) 
1 Data presented by Maclean and Wein (1976) 
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when weather conditions are favourable. These shoots give rise to 
"shoot internodes and uneven braneh development" (Yeatman 1980)i 
Shoot internodes increase the number of branches on trees and conseqMently 
trees will have more tapered stems. More tapered sterna would contain 
less stem volume (Avery 1967) or less stem biomass since stem biomass 
for jack pine trees in this study was mainly a function of stem volume. 
Because total stand biomass per hectare was closely related to stem 
biomass (Figures 15A and 15B), this basic difference between the 
stands studied and those of other workers probably accounted for the lower 
normal stand biomass encountered in the study areas. 
An alternative explanation for the lower normal biomass of jack 
pine stands in this study is that the differences were caused by 
adjustment to normal stocking. Indeed, because the two stands studied 
had higher than normal heights for Site Class I jack pine, it can be 
argued that P16nski*s (1974) Normal Yield Tables are hot representative 
of jack pine stands on these sites. 
Unlike total stand biomass, which is a phenomena closely 
related to stem wood accretion during the entire life of the stand 
(Figures 15A and 15B), foliage biomass is a phenomena of periodic 
growth. Old foliage abscisses on a regular basis from trees and stands 
as new foliage is produced. In this study, three years of foliage 
were supported in the two jack pine stands. Because it is a periodic 
phenomena, attempts to adjust the foliage biomass^ of the sample plots 
to a common base, were unsuccessful. Even if this had been possible, 
there was only one published work which provided actual foliage biomass 
1 data for comparison. Doucet et a|. (1976) showed that 40-year old jack 
2 pine stands in Quebec supported foliage biomass ranging from 3.45 to 
3 7.79 t/ha. These results are similar to those estimated for the 17- 
4 and 32-year old stands. 
5 . Foliage and Wood Production in Individual Trees 
6 Total current annual wood production for jack pine trees in this 
7 study was directly related to the foliage dry weight supported by each 
8 individual tree. The more foliage carried by a tree* the more wood it 
9 produced. Stand age and stand density seemed to have no influence on 
10 this basic relationship, 
11 The relationship between total current annual wood production and 
12 foliage was linear for tree crowns supporting up to 3 kg of foliage dry 
13 weight (Figure 17). Jack pine trees supporting up to 3 kg of foliage 
14 dry weight were primarily of suppressed, intermediate, and co-dominant 
15 crown classes. Crown foliage efficiencies of trees in these three crown 
16 classes were not significantly different. Significant differences in 
17 crown foliage efficiency were encountered for larger crowns: in trees 
18 supporting more than 3 kg of foliage dry weight. These were primarily 
19 trees of dominant crown class (Figure 19). The rate of total 
20 current annual wood production, per unit increase in foliage dry 
21 weight, was lower in dominant trees. This significant 
22 difference, in the crown efficiency of dominant trees versus the crown 
23 efficiency of trees of other crown classes, accounts for the significantly 
24 better fit of the curvilinear model (Equation 4) to the data in 
25 Figure 17. 
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1 three possible explanations could account for the decreased rate 
2 of total current annual wood production by the dominant tree crowns. 
3 Firsti it Is possible that the lower efficiency of the large crowns was 
4 caused by mutual shading of the foliage in the lower parts of the crown. 
5 However, in a study of the growth of Metasequoia glyptostrdboides, 
6 Satoo (1974d) showed that branch wood production as a function of branch 
7 foliage was Independent of branch position In the crown. Second, there 
8 may have been a greater rate of below ground wood production in the root 
9 system of larger trees. This possibility has unfortunately not been 
10 documented in the literature. The third explanation is the external 
11 configuration of the crown of dominant trees* Their crowns were more 
12 open and consequently more exposed to the wind than trees with smaller 
13 crowns. In hot and dry weather, exposure to the wind could have caused 
14 serious moisture deficits within these trees, resulting in the 
15 Inhibition of their photosyrtthetic capacity and reducing their potential 
16 level of wood production. Since hot and dry weather is typical Of the 
17 climate of northwestern Ontario In July and August, this Is the most 
18 probable explanation for the decreased rate of current annual wood 
19 production in these dominant trees. 
20 The above results lead to the following question: how should jack 
21 pine trees be grown to maximize total current annual wood production? 
22 Results of this study (Figure 19) showed that small tree crowns were the 
23 most efficient producers of wood in terms of foliage. This suggests 
24 that, to maintain maximum annual wood production on similar sites, young 
jack pine trees should support relatively small crowns. The size of the 25 
n -' 
1 crowns should not exceed more than 3 kg of foliage dry weight* How can 
2 the size of jack pine tree crowns be restricted to less than 3 kg of 
3 foliage dry weight? All that can be said is that this may possibly be 
4 accomplished by specific spacing and thinning regimes, since results of 
5 this study did not provide an answer to this question. 
6 Relationships between total current annual wood production, crown 
7 foliage, stand age, and stand density for individual trees, as presented 
8 in this work, were not evident in the literature. However, in somewhat 
9 analogous studies, results, which support those obtained for individual 
10 trees in this study, have been reported. Senda and Satoo (1956), Satoo 
11 et al. (1956, 1959, and 1974), Satoo and Senda (1958), Weetman and 
12 Harland (1964), and Satoo (1967, 1974a, 1974b, 1974c, and 1974d) 
13 showed that stem wood production of individual trees was closely related 
14 to the foliage dry weight supported by individual trees. Unlike the 
15 present work, these studies did not consider the influence of Stand age 
16 or stand density on the wood production over foliage relationship. 
17 The above studies also showed that the crown foliage of large 
18 dominant trees was generally less efficient in stem wood production 
19 than smaller trees. Weetman and Harland (1964) and Satoo et ai. (1956) 
20 suggested that this was due to the greater propbrtioh of branch wood 
21 production in the large trees. Satoo et al. (1956) and Satoo (1968) 
22 did in fact test this hypothesis and showed that, when branch wood 
23 production was included, total wood production over foliage dry weight 
24 approached a straight line relationship similar to the one presented 
25 here for jack pine. 
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1 Foliage and Wood Production in Stands 
2 Results of this study on a per hectare basis are not conclusive. 
3 The reason is that there was only one sample plot at each of the three 
4 ^ densities in both stands* With only one sample plot, the differences 
5 I between plots could not be analyzed statistically. Despite this 
6 limitation, the study does shed some light on certain aspects of jack 
7 pine stand growth, 
8 Inspection of sample plots, prior to field sampling* suggested that 
9 no mortality had occured during the three-year period for which stem wood 
10 production was determined. Gross wood production values, for these jack 
11* pine stands, were therefore similar to the measured net wood production 
12 values. This permitted the comparison of results from this study to the 
13 general theory of forest productivity as hypothesized by Moller, 
14 Langsaeter, and Assmann. 
15 Total current annual wood production and foliage dry weight per unit 
16 area in the young jack pine stands seemed to be linearly related (Figure 20). 
17 This result conforms to the forest productivity theory, as postulated by 
18 t Moller (1947 and 1954), that foliage quantities and forest productivity 
19 , are related. However results also suggested that the foliage dry weight, 
20 and consequently the total current annual wood production, per unit area 
21 Increased with increasing stand density in both stands (Figures 21, 22, and 
22^ 23). The two stands therefore did not show any signs of being over-crowded. 
23 According to the general theory of forest productivity, the jack pine 
24 stands studied could be classified into Langsaeter's Density Type I 
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the trees stand so far apart that they do not influence each other. This 
would intimate that the jack pine stands, at the densities studied, did 
not fully occupy their site. Thus the optimum stand density, at which 
jack pine forest production could be maximized, if it exists, would occur 
at a density higher than those sampled in this study. But the high 1 
density plots sampled were denser than those considered to be 
si1viculturally acceptable (Plonski 1974) for jack pine in northwestern 
Ontario. This suggests that, for maximum wood production, young jack 
pine stands on similar sites should be grown as densely as silviculturally 
♦ 
practical, at least within the range of densities sampled here. 
An alternative explanation is that the two jack pine stands fully ^ 
occupied their site in the high density plots, since there was evidence 
of crown competition at these densities (Figures 7 and 8). This would 
suggest that the general theory of forest productivity does not apply to 
the young jack pine stands in this study. Unfortunately denser and a 
greater number of plots were not sampled and the theory of forest 
productivity,as it applies to young jack pine stands, could not be 
further explored. 
Mean overall crown efficiencies of 0.60 for the 17-year old and 0.63 for the 
I 32-year old jack pine stands were much lower than the 1,0 average for I 
coniferous forests in North America (Zavitkovski 1976). Values reported 
here were similar to the 0.60 value given by Baskerville (1965a) for 45- 
year old Abies balsamea (L.) Mill in New Brunswick. They compared 
unfavourably with values of 0.94 and 0.71 for 40-year old jack pine stands 
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CONCLUSION 
There were major differences, in terms of site and past growth, 
between the 17- and 32-year old jack pine stands studied. Site 
differences were demonstrated in the soil profiles and by t^'^ 
Thornthwaite monthly water balance. Past growth differences were 
revealed by analysis of the periodic annual stem wood volume and 
basal area increments. Even with these differences, relations between 
total current annual wood production and foliage dry weight per tree 
were similar regardless of stand density or age. This suggests the 
existence of a basic biological relationship between wood production 
and foliage quantities for jack pine. 
It must be concluded, that within the range of densities sampled, 
young jack pine trees and stands produce more wood at high stand 
densities. From a silvicultural viewpoint, this suggests that jack 
pine stands, for maximum wood fibre production on these sites, should . 
be grown as densely as possible, at least within the range of densities 
sampled in this study. However from a practical point of view, this . ^ 
may prove to be inefficient since tree size is an important consideration 
in the production of wood. This is a problem which must be examined 
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Average monthly water balance for 
the Goidle and Paipoonge Township soil 
Mean monthly temperature and precipitation data, for the 
wkter balance computations were obtained from the Thunder Bay Weather 
Station. Moisture retention capacity of each major soil horizon was 
calculated from bulk density, stone content, moisture content at field 
capacity, and horizon depth. Moisture retention capacity for each of 
the six soil profiles was cohiputed by adding together the moisture 
retention capacity of all horizons in the profile. A mean soil 
moisture retention capacity was determined for each of the two study 
areas. 
Moisture retention capacity of the soil supporting the 17- 
year old jack pine stand was 122.9, 128.1, and 136.7 mm for thO three 
soil profiles. Mean soil moisture retention for that soil was 129.2 ram 
in a rooting depth of 1.02 m; For the soil supporting the 32- 
year old jack pine Stand, the moisture retention capacity was 424.3V 
381.1, and 376.2 mm for the three soil profiles. Mean soil moisture 
retention capacity was 393.9 irm in a rooting depth of approximately 
1.87 m. 
The average monthly water balances were based on average mean 
monthly weather data computed for the 17- and 32-year periodsi 
Goldie Towship soil supporting 17-year old jack pine 
Table B1 shows the 1962 to 1978 average monthly water balance 
compilation sheet for the Goldie Township soil. The important results 
- 93 - 
1 of this table are suitinarized in figure Bl. This figure shows mean 
2 monthly precipitation, actual evapotransiii rati on and potential 
3 evapotrahspiration for the 17-year period. It indicates that in an 
4 average year both actual and potential evapotranspiration exceeded 
5 precipitatibn from the months of May through to August. As well 
6 Figure Bl Shows that in an average year, potential evapotranspiration 
7 exceeded actual evapotranspiration in the months of July and August. 
8 This resulted in a soil moisture deficit in those months. As indicated 
9 in Table Bl, the average total deficits were 15.6 and 14.3 mm of water for 
10 each of July and August. 
11 Paipoonqe Township soil supporting 32-year old jack pine 
12 Table B2 shows the 1947 to 1978 average monthly water balance 
13 compilation sheet for the Paipbbnge Township soil. The major components 
14 of this table are summarized in Figure B2. The results iIIustrated in 
15 this figure are similar to those for the Goldie township soil. Actual 
16 and pbtential evapotranspiration in an average year exceeded precipitation 
17 from May to August. Because potential evapotranspiration exteeded actual 
18 evapotranspiration in July and August, a soil moistiiir^ deficit occurred 
19 in those months in an average year. The average deficits were 5.9 and 
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APPENDIX C 
Summary of monthly water balance results 
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Summary of monthly water balance results 
for the Goldie and PaIpoonqe Township soil 
Table Cl summarizes the monthly water balance computations 
for the Goldie Township soil. The table indicates, that in the past 
17 years, moisture deficits have occurred from May to October 
in the Goldie Township soil. As well, there has been a soil moisture 
deficit in at least one month in every year. The years 1975 and 1976 
experienced the greatest soil moisture deficits. In each of those 
years, during the month of August, nearly one half of the soil water 
of this area had been removed. 
Table Cl also shows the probability of the occurrence of a soil 
moisture deficit in any month of an average year. In May, June, 
July, August, September, and October the respective probabilities 
were .24, .59, .82, .65, .35^ and .29. The probability of the oc- 
currence of a deficit was greatest in July; however the probability 
Of a deficit in June arid August was also high. 
Table C2 indicates the monthly soil moisture deficits for 
the Paipoonge Township soil estimated in water balance calculations. 
The table indicates, that in the past 32 years, moisture deficits 
have occurred from May to October in the Paipoorige Township soil. 
Table C2 also shows that the probabilities of the occurrence Of soil 
moisture deficits in the months of May, June, July, August, September, 
and October were .09, .41, .84, .72, .28, and .19 respectively. The 
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Distribution of wood and bark volume 
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